Hox genes control divergent segment identities along the anteroposterior body axis of bilateral animals by regulating a large number of processes in a cell context-specific manner. How Hox proteins achieve this functional diversity is a long-standing question in developmental biology. In this study we investigate the role of alternative splicing in functional specificity of the Drosophila Hox gene Ultrabithorax (Ubx). We focus specifically on the embryonic central nervous system (CNS) and provide a description of temporal expression patterns of three major Ubx isoforms during development of this tissue. These analyses imply distinct functions for individual isoforms in different stages of neural development. We also examine the set of Ubx isoforms expressed in two isoform-specific Ubx mutant strains and analyze for the first time the effects of splicing defects on regional neural stem cell (neuroblast) identity. Our findings support the notion of specific isoforms having different effects in providing individual neuroblasts with positional identity along the anteroposterior body axis, as well as being involved in regulation of progeny cell fate.
Introduction
Hox genes encode an evolutionarily conserved group of homeodomain transcription factors that drive morphological diversification of segments along the anteroposterior body axis of both vertebrates and invertebrates (Mann and Morata, 2000; McGinnis and Krumlauf, 1992) . Regional diversification is particularly important in the central nervous system (CNS), where neural cell identity specification, their function and connectivity need to be adjusted to the position along the body axis. Hox genes are required at multiple developmental time points to drive regionalization of the nervous system. In early vertebrate embryos they regulate positional identity of motor neurons, and control their connectivity later on in development (Dasen et al., 2003 (Dasen et al., , 2005 . In early stages of Drosophila embryonic CNS development, they determine segment-specific neural stem cell (neuroblast) identity through regulation of division patterns and progeny specification (Technau et al., 2006) . Later on they control various cell behaviors such as cell adhesion and apoptosis (Akam, 1987; Bello et al., 2003; Dixit et al., 2008; Miguel-Aliaga and Thor, 2004; Rogulja-Ortmann et al., 2008; Rozowski and Akam, 2002) . Although Hox function has been a subject of study for many years, we still understand comparably little about the mechanisms these transcription factors employ to exert such diverse functions.
One mechanism that allows diversification of functional specificity of a protein is alternative splicing. The inclusion or exclusion of specific exons alters protein domain or motif composition, or their exposure, both of which can affect the ability of the protein to interact with cofactors or target DNA sequences. In this study we use the Drosophila Hox gene Ultrabithorax (Ubx) to explore the functional implications of alternative splicing on embryonic CNS development. The Ubx genomic region stretches over 100 kb and encodes 5 exons separated by 3 introns. The exons can be alternatively spliced to give rise to 8 possible splice variants (Kornfeld et al., 1989; O'Connor et al., 1988) (Fig. 1) . Current Ubx transcript analyses imply that isoforms of the third group (IIIa and IIIb) are not produced, and those containing exon B ("b" class) are most likely extremely rare (Kornfeld et al., 1989; O'Connor et al., 1988) . "a" class isoforms that do not contain exon B are most abundant in development. The longest Ubx mRNA isoform of class "a" (Ia) has primarily been observed in the epidermis, mesoderm and peripheral nervous system (PNS) and is only weakly expressed in the CNS (Artero et al., 1992; Lopez and Hogness, 1991) . The shorter isoforms are predominant in the CNS, but were also detected in the epidermis (IIa and IIb), or are exclusively present in the CNS (IVa and IVb) (Fig. 1) . The biological purpose of generating different Ubx protein variants is still not entirely clear, although the maintenance of the splicing pattern during Drosophilid evolution clearly implies its importance . This has been confirmed in studies on Ubx mutants that lack specific isoforms and exhibit phenotypes in somatic muscles (Reed et al., 2010) and the peripheral nervous system Mechanisms of Development 138 (2015) 177-189 (Subramaniam et al., 1994) . Comparisons of overexpression of individual isoforms have also demonstrated differential effects on tagmaspecific sensory organ patterns (Mann and Hogness, 1990 ) and Keilin's organ formation in larvae (Gebelein et al., 2002) as well as haltere development in adult flies (de Navas et al., 2011) .
During Drosophila embryonic CNS development, Ubx is required to provide positional identity to neuroblasts (NBs) arising from different anteroposterior axial positions in the ventral neuroectoderm (Prokop and Technau, 1994) . Towards the end of embryonic development Ubx activates programmed cell death in specific progeny cells (RoguljaOrtmann et al., 2008) . Since it is continuously and broadly expressed in the embryonic ventral nerve cord (VNC), it most likely exerts a number of other functions such as regulation of NB proliferation and determination of progeny fate or neuronal connectivity. The variability in abundance of individual Ubx isoforms is apparent in several tissues throughout embryonic development, but is especially striking in the CNS (Artero et al., 1992; Lopez et al., 1996; Subramaniam et al., 1994) , suggesting specific functional requirements for the isoforms. Our previous work has indeed shown that isoform IVa is more efficient than Ia in inducing apoptosis of a differentiated neuron (Rogulja-Ortmann et al., 2014) . However, a more thorough analysis of Ubx isoform distribution throughout Drosophila embryonic CNS development has not been reported so far. In addition virtually nothing is known about the contribution of individual isoforms to the development of neural lineages. To begin to investigate these issues, we provide here a description of Ubx mRNA isoform distribution during development of the embryonic CNS. We also address the requirement for different Ubx isoforms in development of specific neural lineages by analyzing mutants that lack specific Ubx splice variants or have reduced Ubx expression levels. Our analyses of the sets of Ubx protein isoforms produced in the isoform-specific Ubx mutants and of their CNS phenotypes, provide novel insights into potential contributions of different isoforms to regionalization of neural lineages and to the development of various embryonic tissues.
Results
As the temporal expression pattern of Ubx isoforms has so far not been examined in the developing nervous system of wild-type embryos, we first performed in situ hybridization to visualize isoforms Ia, IIa and IVa in the embryonic neuroectoderm and VNC throughout development. We used the same oligonucleotide probes (further referred to as "oligoprobes") as in previous analyses on wholemount embryos (Artero et al., 1992; Lopez et al., 1996) . Although the relatively low oligoprobe sensitivity most likely does not allow detection of low abundance transcripts, they do provide an overview of the spatio-temporal expression pattern of Ubx mRNA isoforms. To gain insight into the expression pattern of the three major isoforms in Ubx MX17 and Ubx 195 mutant strains, an analysis of isoform distribution was conducted, followed by examination of protein isoform expression by antibody staining and Western blots. The intriguing results obtained for the Ubx MX17 mutant led us to perform a more detailed RT-PCR and sequencing analysis of isoforms produced. Finally we asked what effects the lack of specific isoforms has on embryonic neuroblasts and their lineages in the mutant strains.
Expression of Ubx isoforms in the ventral nerve cord of wild-type embryos
Isoform UbxIa is the most common of all embryonic Ubx mRNA splice variants in Drosophila (Kornfeld et al., 1989) . It includes both mI and mII which also make it the longest isoform of the "a" class ( Fig. 1) . UbxIa mRNA was detected by in situ hybridization with a 30-nt antisense oligoprobe that straddles the exon-exon junction between the 5′ common exon and mI. In wild-type embryos UbxIa is first detected at about 3 h after egg laying (AEL) (Lopez et al., 1996; O'Connor et al., 1988 ). At about 6 h AEL, i.e. at developmental stage 11, it is still the only detectable isoform, showing relatively high expression levels both in the neuroectoderm and in the underlying neural cells ( Fig. 2A and A′) . A similar pattern is found at ca. 8 h AEL (stage 12) ( Fig. 2B and B′) . Using an oligoprobe that straddles the exon-exon junction between the E5′ common exon and mII, we could weakly detect isoform IIa at this stage in wholemount embryos, but the signal was hardly visible in filet preparations (Fig. 5A) . The IVa-specific oligoprobe hybridizing to the junction between the common exons E5′ and E3′ shows no signal at stage 12 (Fig. 6A) . Two hours later (stage 13), Ia is found both in the peripheral tissues (epidermis and muscles) and in the VNC, but its levels begin to decline (Fig. 2C ). Isoform IIa is clearly detectable only in the VNC (Fig. 2D) .
From this stage on until the end of embryonic development, isoform Ia expression is progressively reduced in all tissues, while IIa increases specifically in the VNC (Fig. 3) . Isoform IVa is weakly detectable at 12 h AEL (stage 15), increases only slightly until the end of embryogenesis and remains exclusive to the VNC (Fig. 3C,F,I ). Ubx  195 and Ubx   MX17   mutants   Ubx  MX17 is an X-ray induced inversion in the Ubx gene region that includes mII and surrounding sequences (Busturia et al., 1990) . This results in aberrant splicing of isoform classes I and II, presumably leaving IVa as the prevalent isoform. The Ubx 195 mutant strain carries an EMS-induced point mutation in mII that results in a stop codon (Weinzierl et al., 1987 of mRNAs carrying a nonsense mutation in mII, while IVa mRNA levels are higher than in wild-type (Alonso and Akam, 2003) . Assuming isoform IIa mRNA is also subjected to NMD, these observations imply that IVa might be the only protein isoform expressed in this strain. rather surprising. In wild-type embryos the Ubx transcript undergoes co-transcriptional recursive splicing, during which mI is first spliced to the E5′ exon and subsequently removed by re-splicing of the E5′/mI/intron 2 intermediates (Hatton et al., 1998) . In Ubx MX17 embryos
Comparison of Ubx mRNA isoform expression in
Ubx transcription might be slowed down due to defective splicing, resulting in accumulation of partially processed transcripts that are bound by the Ia oligoprobe. Alternatively, the signal could also result from UbxIIIa mRNA ( Fig. 1) , since the Ia oligoprobe binds to the exonexon junction of the E5′ common exon and mI and can thus detect this isoform as well. Finally, the strong Ia signal could be a combination of both. We explore the possibility of isoform IIIa expression later in this study (see Section 2. (Fig. 7C,F) . However, the protein expression pattern is the same in the VNC of all three strains later in development, as observed in filet preparations of stage 16 embryos ( Fig. 7G-I , less total protein was loaded onto the gel than for wild-type as revealed by a weaker loading control band (α-Tubulin). Although the difference in Ubx band intensity seems to be greater than that of the loading control bands, quantification would be required to obtain a conclusive comparison. The set of Ubx isoforms expressed in the Ubx 195 mutant is interesting in that we detected low levels of all three isoforms.
While we expected to find IVa, finding Ia and IIa is somewhat surprising considering the fact that we did not detect any Ubx protein in early Ubx 195 embryos with immunostaining. The smaller Ubx protein bands detected on the Western blot are most likely truncated isoforms Ia and IIa. We conclude that some reading through the stop codon does occur in the Ubx 195 mutant, but the amount of Ia and IIa protein produced is negligible. Thus UbxIVa is the dominant isoform produced in this mutant strain. To find out whether the mRNA for isoform IIIa was indeed spliced in Ubx MX17 embryos, we performed RT-PCR using oligo-dT primers followed by amplification of Ubx cDNA fragments using primers in the E5′ and E3′ common exons. The size of the amplified fragments would indicate the types of isoforms produced in each strain. Sequencing of amplified Ubx PCR fragments of interest was then performed to identify the isoforms. PCR amplification of Ubx fragments from wild-type cDNA resulted in three bands presumably corresponding to isoforms Ib (~280 bp), Ia (250 bp) and IIa/IIIa (~200 bp) (Fig. 7K ). Isoform IVa would run at about 150 bp, however we were not able to observe this fragment presumably due to low abundance of isoform IVa in the overnight embryo collection. Using Ubx MX17 cDNA as template, we obtained two PCR fragments corresponding in size to isoforms IVa (~150 bp) and IIa/IIIa (~200 bp). A very weak and diffuse band was also apparent just above the 200 bp fragment, however it ran between the Ia and IIa/IIIa fragments and was thus of a distinct size. These experiments were repeated once with embryonic cDNA and twice with cDNA from adult flies with each experiment yielding the same result (data not shown).
Following gel extraction and re-amplification of the 200 bp PCR fragment from wild-type and mutant samples, we again obtained the 
Analysis of CNS phenotypes in isoform-specific Ubx mutants
As Ubx protein isoform expression is altered in the two Ubx mutant strains, we were interested to see what kinds of phenotypes we would observe in the developing CNS. To this purpose we made use of markers that label specific neuroblasts (NBs) and their progeny. We also looked for effects on the only late Ubx mutant phenotype described so far in embryos: activation of apoptosis in a differentiated neuron at the end of embryogenesis (Rogulja-Ortmann et al., 2008) .
Lineage NB2-4
The neuroblast NB2-4 lineage comprises 8 to 12 neurons and can be identified by immunostaining for the transcription factor Eagle (Eg). Two of the neurons are motor neurons (Schmidt et al., 1997 ) that lie in a dorsal position and show clear differences between thorax and abdomen: the motor neurons belonging to thoracic NB2-4, NB2-4T, lie in the same focal plane, one (MNa) just anterior to the other (MNp) (Fig. 8A) . The motor neurons of the abdominal NB2-4A lie in slightly different dorso-ventral positions, with only one of them found in the same focal plane as the NB2-4T motor neurons (Fig. 8A) . In Ubx null mutants, the NB2-4A lineage of segment A1 is transformed to a thoracic phenotype, with MNa and MNp lying in the same focal plane (RoguljaOrtmann et al., 2008) , indicating a requirement for Ubx in specifying abdominal NB2-4 identity in this segment. Occasionally the phenotype is also observed in segment A2. Ubx 195 embryos show the same phenotype as Ubx null mutants (Fig. 8C) , as expected considering the extremely low levels of Ubx protein that we observed on the Western blots (Fig. 7J) . In Ubx MX17 mutant embryos, the transformation of NB2-4 in A1 can also be observed, albeit in only 12.5% of analyzed hemisegments (HS) (n = 16) which does not significantly differ from the wild-type (χ 2 test) ( Fig. 8B and Table 1 ).
Lineage NB3-3
The NB3-3 generates a lineage of 10 to 13 neurons and is also identifiable by Eg expression. Both the thoracic and abdominal lineages generate the same number of neurons but the thoracic one shows significantly higher Eg expression levels ( Fig. 8D) (Schmidt et al., 1997 observation), with 100% of transformations in segment A1 (n = 18) (Fig. 8F , Table 1 ).
Lineage NB5-3
At late developmental stages, one part of the NB5-3 progeny can be visualized by staining for the marker ladybird early (lbe) (De Graeve et al., 2004) . NB5-3 generates a total of 9 to 15 neurons (Bossing et al., 1996) . Along the ventral midline, two of these cells express lbe in segments T1 and T2 (Fig. 8G) . In T3 and the abdominal segments only one of these cells is lbe-positive, which allows clear distinction of the anterior thoracic vs. posterior thoracic and abdominal lineages. Ubx 195 mutants show a complete transformation of the T3 and A1 NB5-3 into the anterior thoracic identity (Fig. 8I, Table 1 ) indicating a requirement for Ubx in specifying NB5-3 identity in these segments. In contrast, NB5-3 of Ubx MX17 mutant embryos shows no difference from wildtype (Fig. 8H , Table 1 ).
Lineage NB6-4
In the thorax, this lineage comprises 5 to 6 neurons and 3 glial cells, whereas the abdominal 6-4 is a glioblast that generates only 2 glial cells (Schmidt et al., 1997) . Strong Eg expression in NB6-4 neurons allows distinction of thoracic vs. abdominal NB6-4 identity (Fig. 8J) . A transformation of the A1 NB6-4A to NB6-4T is occasionally found in wild-type embryos (5% of analyzed HS) ( Table 1 ). Both Ubx MX17 (Fig. 8K , (Berger et al., 2005) , this suggests that Ubx does not play a role in segment-specific identity of NB6-4.
Lineage NB7-3
The neuroblast NB7-3 generates a lineage comprising three interneurons and one efferent neuron, the so-called GW neuron (Bossing et al., 1996; Higashijima et al., 1996) . In our previous work we have shown that, although there are no obvious differences between the thoracic and abdominal NB7-3 in earlier stages, the GW neuron undergoes Ubx-dependent apoptosis in segments T3 to A7 at the end of embryogenesis (Rogulja- Ortmann et al., 2008) . We have recently also shown that, in elav mutant embryos where endogenous Ubx protein levels are reduced, ectopically expressed UbxIVa is more potent in inducing GW apoptosis than UbxIa (Rogulja- Ortmann et al., 2014) . We were therefore interested to see whether there would be any changes in the pattern and frequency of GW neuron apoptosis in the isoform-specific Ubx mutants. In wild-type embryos, the GW neuron undergoes apoptosis in segments A1 to A7 with a frequency of 79.76% (n = 84) (Fig. 8P) , as judged by staining against the activated Drosophila Caspase-1 (Dcp-1). Indeed, the Ubx MX17 and Ubx 195 mutant embryos, with 23.15% (n = 108) and 4.08% (n = 98), respectively, show a statistically significant reduction in the frequency of GW apoptosis (p b 0.001 in both cases, χ 2 -test).
Antennapedia expression
The Hox gene Antennapedia (Antp) is expressed from the posterior part of segment T1 to the anterior half of T3 (Fig. 8M) . According to the Ubx isoform expression pattern, early Ubx repression of Antp from the posterior half of segment T3 towards posterior (Carroll et al., 1986; Lewis, 1982) is most likely carried out by isoforms Ia and Ib. We tested whether Antp repression is maintained in the two mutant strains. Indeed, Ubx MX17 mutants show no expansion of the Antp expression domain (Fig. 8N) , indicating that the Ubx protein isoforms IIIa and/or IVa are sufficient to prevent posterior expansion of Antp expression in the VNC. Ubx 195 embryos on the other hand show a broadening of the Antp domain up to the anterior half of segment A1 (Fig. 8O) . Taken together, these observations show that group I/II and the putative III/IV combination are equivalent in carrying out this particular function.
Distinct abilities of different Ubx isoform groups in regulating regional NB identity
Since Ubx protein levels, as judged by immunostaining, appear comparable in A1 of early wild-type and Ubx MX17 embryos, the observation that NB2-4 is only rarely transformed in A1 implies that the group III/IV protein isoforms we detected in this mutant can compensate for isoform group I/II function in specifying the abdominal identity of NB2-4. In contrast, the high frequency of NB3-3 transformation in Ubx MX17 mutants would suggest that isoforms of the III/IV group are limited in their ability to compensate for those of the I/II group in providing this NB with an abdominal identity. Ectopic expression of Ubx isoforms Ia and IVa in thoracic segments can transform both of these NB lineages into abdominal ones (data not shown), but the constructs used for these experiments have different expression strengths and thus do not allow a precise comparison of the effects. To our knowledge, transgenic flies carrying constructs that would allow expression at comparable levels are currently not available. In addition, overexpression experiments have previously shown that, in some tissues, Ia and IVa isoforms can both compensate for the loss of Ubx when expressed at high enough levels (de Navas et al., 2011; Reed et al., 2010; Rogulja-Ortmann et al., 2014) , demonstrating that overexpression experiments often do not allow analysis of finer functional differences between these isoforms. To further explore the notion of distinct isoform capabilities in determining tagma-specific NB identity, we examined Ubx protein levels and NB2-4 and NB3-3 transformation frequencies in embryos heterozygous for the Ubx 1 null mutation. These embryos should have reduced amounts of Ubx protein, and indeed do exhibit some of the known Ubx mutant phenotypes: adult Ubx 1 /+ flies show enlarged halteres with a few bristles (Kankel et al., 2004) and in the embryonic CNS apoptosis of the GW neuron is significantly reduced (Rogulja- Ortmann et al., 2008) . As no change in isoform composition is to be expected in Ubx 1 /+ embryos, they provide a good model to examine the effect of reduced isoform I/II expression on NB identity. We first compared Ubx protein levels and isoform composition in Ubx 1 /+ embryos with those of wild-type and Ubx MX17 ones (Fig. 7J, upper Eg. In A1 of wild-type embryos, they also both express Ubx, however, NB2-4 consistently shows higher Ubx protein levels than NB3-3 (Fig. 9A) . Ubx levels are reduced in the early CNS of embryos heterozygous for Ubx 1 (Fig. 9B) , and appear equally low in the two NBs. Interestingly, reduced expression of group I/II Ubx isoforms in these embryos affects NB2-4 identity quite strongly -it is transformed in 64.3% HS (n = 14) ( Table 1 ) -speaking for isoforms of group I/II being rather inefficient in providing this NB with an abdominal identity. This would also explain the high amount of Ubx observed in this NB in wild-type embryos.
Ubx MX17 embryos show moderately reduced Ubx levels in the developing CNS in general, as well as in the examined NBs. In contrast to the wildtype, and similar to Ubx 1 heterozygotes, NB2-4 and NB3-3 show similar and low Ubx levels in most embryos (Fig. 9C) . Together with the low NB2-4 transformation frequency in A1 of Ubx MX17 (Table 1) , the observed weak expression of isoforms III/IV in this mutant implies that this isoform group is rather effective in imposing abdominal identity on NB2-4. NB3-3 in segment A1 of the wild-type appears to require only low amounts of isoforms I/II, as it exhibits weaker Ubx expression than NB2-4 (Fig. 9A) . Further reducing isoform I/II levels in NB3-3 of Ubx 1 /+ embryos (Fig. 9B ) has virtually no effect on the abdominal identity of this NB (Table 1) . Although complete transformation to a thoracic identity upon early loss of Ubx (Table 1) shows that NB3-3 in A1 does require Ubx expression, even very low levels of group I/II isoforms are enough to provide it with an abdominal fate. Strikingly, this NB still expresses Ubx in Ubx MX17 embryos (Fig. 9C) , although it shows high transformation frequency ( Table 1) . As we only detected group III/IV isoforms in this mutant, these results indicate that this isoform group is rather inefficient in endowing NB3-3 with an abdominal fate. Considering that Ubx protein levels are similarly reduced in both Ubx 1 /+ and Ubx MX17 embryos, these results strongly suggest that Ubx isoform groups I/II and III/IV indeed have distinct abilities in directing abdominal fate in specific NBs: while group III/IV is more effective than I/II in NB2-4, group I/II is much more potent in NB3-3.
Discussion

Distinct temporal patterns of Ubx isoforms during CNS development
Ubx isoforms are expressed in a tissue-and developmental stagespecific manner. Oligoprobe in situ hybridization experiments performed for the most abundant isoforms of the "a" class (Ia, IIa and IVa) detected isoform Ia in the epidermis, mesoderm, PNS and CNS (Artero et al., 1992; Bomze and Lopez, 1994; Kornfeld et al., 1989; Lopez et al., 1996; O'Connor et al., 1988) . Isoform IIa expression reports vary. According to some, it is expressed in the same tissues as Ia Lopez et al., 1996) , and others detected it only in the CNS (Artero et al., 1992) . Confinement to the CNS appears to be clear for isoform IVa. The general isoform distribution patterns we observed Values are shown in the table, n is the number of hemisegments analyzed. Percentages indicate the transformation rate of abdominal to thoracic NB identity in segment A1, n is the number of hemisegments analyzed. For NB5-3, transformations were evaluated in segments T3 and A1. ND = no data.
are consistent with previous reports, with UbxIIa expression detectable only in the CNS. While low sensitivity of the oligoprobes could hinder detection of this isoform in other tissues, it is also possible that the signal detected there using the mII-specific antibody Lopez et al., 1996) partly includes UbxIa signal, as this isoform also contains mII. Wild-type embryos show distinct temporal distribution of the three major Ubx mRNA isoforms in the developing nervous system. UbxIa is expressed at high levels in the neuroectoderm and early neural cells and is subsequently reduced, suggesting a requirement for this isoform in undifferentiated cells. UbxIIa and UbxIVa arise later in development. Isoform IIa appears to be expressed both in early neural cells and in differentiating neurons, but not in the neuroectoderm. IVa is expressed rather late, when proliferation in the VNC ceases and most of the neural cells are undergoing differentiation. The characteristic temporal distribution suggests distinct isoform functions in different phases of neural development. These may be regulated through different partner proteins that individual isoforms can interact with. There may also be differences in recognition of DNA binding sites among the isoforms, although they could be rather subtle since evidence accumulated so far implies that at least UbxIa and UbxIVa bind to identical target sequences in vitro (de Navas et al., 2011; Gebelein et al., 2002; Reed et al., 2010) . Alternatively the difference may lie in the strength of DNA binding, or in transcriptional activity as suggested in the above reports. To investigate this issue in more detail, isoform expression would have to be examined at the cellular level, using fluorescent in situ hybridization (FISH) combined with fluorescent immunostaining. This is currently not possible for technical reasons as the oligoprobes do not function in FISH assays in our hands. Provided the assumption of functional differences between the isoforms holds true, this would suggest that alternative splicing enables Ubx to contribute to neural development from the stage of neuroblast precursor determination in the neuroectoderm, through the neuroblast proliferation phase to differentiated neurons. However we did detect very low levels of all three isoforms after Western blots on embryonic protein extracts, confirming that some reading through the stop codon introduced by the mutation does occur. The extremely low Ia and IIa protein levels are in agreement with a report showing that the UbxIa mRNA is decreased in this mutant due to nonsense-mediated decay (Alonso and Akam, 2003) , and one can assume that UbxIIa mRNA undergoes the same fate. IVa levels appear to be the most abundant on the Western blot, agreeing with the assumption that this is the only isoform detected in late embryos by immunostaining. The NB transformation phenotypes and the posterior expansion of Antp expression described here confirm that the low amounts of Ubx protein in early developmental stages are neither sufficient to provide NBs with correct positional identity nor to suppress Antp expression in segment A1. Oligoprobe in situ hybridization on Ubx MX17 embryos revealed the presence of isoform IVa throughout CNS development. The Ia oligoprobe signal additionally suggested the presence of isoform IIIa. Contrary to previous reports (Kornfeld et al., 1989; Subramaniam et al., 1994) , we could indeed confirm this by Western blots, RT-PCR and sequencing analysis. We are confident that UbxIIIa mRNA is indeed produced for several reasons: 1. The combination of primers chosen for RT-PCR (oligo-dT) and for cDNA fragment amplification only allows amplification from cDNA of completely spliced transcripts. Although RT-PCR was performed on total RNA, which could allow reverse transcription of incompletely spliced transcripts, the large size of Ubx introns would not allow amplification of cDNA derived from such transcripts with the primers used (forward primer binding within the E5′ and reverse within the E3′ exon). 2. The Ubx MX17 fly stock was re-examined for possible contamination. All flies exhibited enlarged halteres, confirming purity of the stock. 3. For replicate RT-PCR experiments, the complete procedures for both wild-type and mutant were performed on different days, and on both embryos and adult flies. All of the replicates consistently gave the same result. (Reed et al., 2010) . However, as the detected protein presumably includes protein isoforms IIIa and IVa, it does require reconsidering some of the conclusions drawn about the potential and specificity of isoform IVa concerning observed defects in larval muscle and adult haltere development (Reed et al., 2010; Subramaniam et al., 1994) . We propose that a combination of The temporal distribution of Ubx isoforms in wild-type embryos implies that they have distinct requirements during development, which raises two interesting questions: one concerning the regulation of Ubx splicing and the other dealing with the physiological relevance of the switch in isoforms. Concerning the issue of temporal regulation of splicing, our previous work has shown that, in the CNS, the pan-neural RNAbinding protein Elav regulates Ubx 3′UTR length and also switches Ubx alternative splicing from isoform Ia to IVa by directly binding the Ubx nascent RNA (Rogulja-Ortmann et al., 2014) . elav mutants hence exhibit proportionally higher levels of UbxIa, but generally have lower Ubx protein levels due to shortening of the 3′UTR and thus reduced stability of the Ubx transcript. In addition, splicing of UbxIIa is not altered in elav mutants and it is still not clear how the splicing of this isoform is regulated.
The question of functional differences between the isoforms has been addressed in previous publications. Several approaches employing overexpression of different Ubx isoforms resulted in similar transformations of larval cuticle (Mann and Hogness, 1990; Reed et al., 2010) . All isoforms can transform antennae into legs (Mann and Hogness, 1990) , but the same report also showed that UbxIa was able to transform sensory organs in the peripheral nervous system (PNS) while UbxIVa was not. UbxIVa, upon overexpression, was also significantly less efficient in repressing the Ubx target gene Distalless in the embryo and in suppressing formation of Keilin's organs in the larva (Gebelein et al., 2002) . It was also not able to specify normal haltere development as efficiently as Ia. Higher levels of IVa did perform better in this case, leading to the conclusion that the difference in efficiency does not seem to depend on different DNA-binding profiles of the isoforms, but rather on the strength of binding (de Navas et al., 2011) . The adult haltere is enlarged in Ubx MX17 flies, where Ia and IIa are missing, although the reports on the levels of Ubx protein in the central region of haltere disc are contradictory (Busturia et al., 1990; Subramaniam et al., 1994) . The larval muscle pattern of Ubx MX17 mutant embryos also shows clear transformation of specific muscles in segments A1 and A2 towards a thoracic identity (Reed et al., 2010) . Considering our finding that isoform IIIa is generated in this mutant, one can conclude that UbxIIIa and UbxIVa cannot take over this specific function, normally carried out by other isoforms. Lastly, an analysis of the PNS phenotypes of Ubx MX17 mutants suggest that IIIa and/or IVa are almost equivalent to other isoforms in their ability to repress thoracic features, but cannot promote abdominal features at an equal rate (Subramaniam et al., 1994) . Mutant embryos thus show a transformation or a complete lack of various sensory neurons or organs at varying frequencies in segments T3 and/or A1. It would have been interesting to examine the rescue potential of isoform IIIa in these various contexts, however, to our knowledge, transgenic flies carrying expression constructs for UbxIIIa do not exist. As none of the studies above dealt specifically with the effects of Ubx isoforms on NB identity or the fate of their progeny, we set out to investigate these. Two of the investigated lineages, NB6-4 and NB5-3 showed no significant transformation rates in Ubx MX17 mutant embryos. We did not expect to see any effect on NB6-4, since abdA is required for the abdominal identity of this NB and Ubx was not reported to play a significant role here (Berger et al., 2005) . However, NB5-3 is transformed in 100% of cases when Ubx is lost, indicating that group III/IV isoforms in Ubx MX17 can compensate for the function of group I/II isoforms in establishing segment-specific identity of this NB. Although Ubx levels may be reduced in NB5-3 of these embryos, they are still sufficient to prevent transformation. Similarly, NB2-4 in segment A1 of Ubx MX17 mutants is occasionally transformed to a thoracic identity, although the transformation frequency is not significantly different from the wild-type. Group III/IV protein expression is reduced in NB2-4 of these mutants, indicating that the amounts of protein may not be sufficient to provide the right identity in 100% of cases. This is supported by a high NB2-4 transformation frequency of 64.3% in Ubx 1 heterozygous embryos, and leads us to the conclusion that the abdominal NB2-4 can be specified by both I/II and III/IV Ubx protein groups and that group I/II is not as efficient III/IV. Functional differences were indeed observed between Ubx isoform groups I/II and III/IV on segment-specific NB identity of NB3-3, which shows a significant rate of abdominal to thoracic fate transformation in segment A1 of Ubx MX17 embryos. The transformation rate is rather high (55.5%), indicating a significant difference of isoform groups III/IV vs. even reduced amounts of I/II (in Ubx 1 heterozygotes), in correct determination of segment-specific identity for this neuroblast. This result is also concordant with previously published reports showing similar effects in mesodermal tissues (Busturia et al., 1990; de Navas et al., 2011; Gebelein et al., 2002; Hatton et al., 1998; Reed et al., 2010; Subramaniam et al., 1994) . Thus, although ectopic expression of UbxIVa in high amounts is also sufficient, NB3-3 requires isoforms I/II, rather than III/IV, for its abdominal identity and even low levels of the correct isoform are sufficient to impose abdominal fate on this NB. Altogether these results suggest that both the amount, as well as isoform type, of Ubx protein required for specification of regional NB identity are indeed distinct in different NBs. It should however be considered that immunostaining for Ubx protein in the Ubx MX17 mutant did reveal weaker expression. Since precise quantitation and comparison of Ubx expression levels at the correct time-point in development in individual NBs of the CNS is not at all trivial, we cannot completely exclude that the observed NB transformations are due to lower Ubx expression levels in these NBs. With respect to the late role of Ubx in activating GW neuron apoptosis, the significantly lower frequency of apoptosis in both Ubx mutant strains appears to indicate that neither isoform IIIa nor IVa can exert this function. However, considering the apparent general reduction of Ubx protein levels in both mutant strains, it is equally possible that GW apoptosis is reduced for this reason. Our previous work indicates that isoform IVa is in fact more potent than Ia in this context (RoguljaOrtmann et al., 2014) , further supporting this argument.
In summary, our study provides an overview of expression of individual alternatively spliced Ubx isoforms throughout embryonic CNS development. Differential expression patterns suggest distinct requirements for individual isoforms in different stages of neural development, i.e. in neuroectodermal precursors, neuroblasts, undifferentiated neural cells and those undergoing differentiation. We provide novel insights into the complement of Ubx protein isoforms expressed in two isoform-specific Ubx mutant strains. In addition, we report for the first time on the consequences of absence of specific Ubx isoforms on embryonic neuroblasts and their progeny. Our results show that distinct Ubx isoforms have different capabilities to specify regional identity in individual neuroblasts and to control the fate of their progeny.
Materials and methods
Drosophila strains
OregonR was used as the wild-type strain. /TM6B,Sb,Dfd-GMR-YFP.
Oligoprobe in situ hybridization
Embryos were fixed, processed and the in situ hybridization performed according to a previously published protocol (Rogulja-
